The posterior cingulate cortex is a highly connected and metabolically active brain region. Recent studies suggest it has an important cognitive role, although there is no consensus about what this is. The region is typically discussed as having a unitary function because of a common pattern of relative deactivation observed during attentionally demanding tasks. One influential hypothesis is that the posterior cingulate cortex has a central role in supporting internally-directed cognition. It is a key node in the default mode network and shows increased activity when individuals retrieve autobiographical memories or plan for the future, as well as during unconstrained 'rest' when activity in the brain is 'free-wheeling'. However, other evidence suggests that the region is highly heterogeneous and may play a direct role in regulating the focus of attention. In addition, its activity varies with arousal state and its interactions with other brain networks may be important for conscious awareness. Understanding posterior cingulate cortex function is likely to be of clinical importance. It is well protected against ischaemic stroke, and so there is relatively little neuropsychological data about the consequences of focal lesions. However, in other conditions abnormalities in the region are clearly linked to disease. For example, amyloid deposition and reduced metabolism is seen early in Alzheimer's disease. Functional neuroimaging studies show abnormalities in a range of neurological and psychiatric disorders including Alzheimer's disease, schizophrenia, autism, depression and attention deficit hyperactivity disorder, as well as ageing. Our own work has consistently shown abnormal posterior cingulate cortex function following traumatic brain injury, which predicts attentional impairments. Here we review the anatomy and physiology of the region and how it is affected in a range of clinical conditions, before discussing its proposed functions. We synthesize key findings into a novel model of the region's function (the 'Arousal, Balance and Breadth of Attention' model). Dorsal and ventral subcomponents are functionally separated and differences in regional activity are explained by considering: (i) arousal state; (ii) whether attention is focused internally or externally; and (iii) the breadth of attentional focus. The predictions of the model can be tested within the framework of complex dynamic systems theory, and we propose that the dorsal posterior cingulate cortex influences attentional focus by 'tuning' whole-brain metastability and so adjusts how stable brain network activity is over time.
Introduction
The posterior cingulate cortex (PCC) forms part of the posteromedial cortex. It is highly anatomically connected (Hagmann et al., 2008) , has a high baseline metabolic rate , and is a central part of the default mode network (DMN) . Despite its importance in health and disease, the PCC is notably absent from many systems-level models of brain function, and there is no clear consensus about its function .
One influential hypothesis is that the PCC has a central role in supporting internally directed cognition Buckner et al., 2008) . The PCC shows increased activity when individuals retrieve autobiographical memories or plan for the future, as well as during unconstrained 'rest' when activity in the brain can be thought of as cognitively 'free-wheeling' Addis et al., 2007; Mason et al., 2007) . However, other evidence suggests that the PCC plays a more direct role in regulating the focus of attention Hampson et al., 2006; Hahn et al., 2007) , perhaps controlling the balance between internally and externally focused thought . In addition, activity in the PCC varies with arousal state, and its interactions with other brain networks may be important for conscious awareness (Vogt and Laureys, 2005) .
An important consideration is the degree to which the PCC is functionally homogeneous. Although it covers a relatively large area of cortex it is often discussed as having a unitary function. Functional MRI studies have repeatedly shown relative deactivation during many types of cognitively demanding tasks, such as a visual discrimination task (Singh and Fawcett, 2008) . However, recent work suggests that focusing on overall changes in relative blood flow can be misleading as the region shows a complex functional organization (Vogt et al., 2006; Margulies et al., 2009; Dastjerdi et al., 2011; Leech et al., 2011) . For example, we have recently found evidence for 'echoes' or traces of the activity of multiple functionally discreet large-scale brain networks within the PCC .
The PCC also shows abnormal structure and function in many diseases (Zhang and Raichle, 2010) . For example, early amyloid deposition and reduced metabolism is seen in Alzheimer's disease (Johnson et al., 1998; Greicius et al., 2004; Buckner et al., 2005) . Functional neuroimaging studies also show abnormalities in a range of neurological and psychiatric disorders including schizophrenia, autism, depression and attention deficit hyperactivity disorder (ADHD), as well as ageing Greicius, 2008) . Our own work has consistently shown abnormal PCC function following traumatic brain injury that relates to the pattern of cognitive impairment (Bonnelle et al., , 2012 Sharp et al., 2011) . These results suggest that an accurate description of the function of the PCC will be important to the understanding of a wide range of diseases.
Here we review the anatomy and physiology of the PCC, including its atypical structural connectivity and elevated metabolism, before discussing its possible functions. We go on to discuss the impact of disease on the PCC, discussing this in the context of current theories of brain network function. We then synthesize key findings and propose a novel model of PCC function. We distinguish dorsal and ventral parts of the PCC and propose that the function of these subcomponents can be explained by considering: (i) arousal state; (ii) whether attention is focused internally or externally; and (iii) the breadth of attentional focus (ABBA: Arousal, Balance and Breadth of Attention model). We then outline a mechanistic explanation of elements of the model that uses a complex dynamic systems approach to studying brain function. We propose that the dorsal PCC plays a role in tuning the metastability of intrinsic connectivity networks, which allows control of how variable neural activity is across time in these networks, and so influences attentional focus.
Anatomy
The PCC is situated in the medial part of the inferior parietal lobe and lies within the posteromedial cortex, which also includes the precuneus and retrosplenial cortex ( Fig. 1) (Parvizi et al., 2006) . Papez (1937) thought of the PCC as a single functional entity, forming part of a limbic system specialized for emotional processing. However, Brodmann (1909) had already distinguished between anterior and posterior cingulate divisions on the basis of cytoarchitectonics. More recently Vogt (1993 Vogt ( , 2009 ) has proposed a further major subdivision: the midcingulate region, containing a motor field with direct corticospinal projections. Here, we employ Vogt's model, in which the PCC consists of Brodmann areas 23 and 31. It is bounded superiorly by the marginal ramus of the cingulate sulcus, inferiorly by the corpus callosum, posteriorly by the parieto-occipital sulcus and anteriorly by Brodmann area 24 in the midcingulate region. The precuneus (area 7 m) lies posterior and superior to the PCC, and the retrosplenial cortex (Brodmann areas 29 and 30) adjacent, along the ventral bank of the cingulate sulcus. The retrosplenial cortex and the PCC together form the retrosplenial gyrus.
Cytoarchitectonically, the PCC is characterized as paralimbic cortex, exhibiting a transitional cell architecture between typical six layered isocortex and the primitive allocortex of the core limbic structures such as the hippocampus (Mesulam, 1998) . Together with the parahippocampal gyrus and retrosplenial cortex, Mesulam (1998) viewed the PCC as part of the hippocampocentric subdivision of the paralimbic zone. Subregions of the PCC have distinct cytoarchitectonics, with an anterior and dorsal subregion (dorsal PCC) situated superior to the splenium of the corpus callosum (areas d23a, d23b, 23d, anterior 31) and a ventral part (ventral PCC) posterior to the splenium (v23a and v23b, posterior 31) (Vogt et al., 2006) (Fig. 1 ).
region (Parvizi et al., 2006) . Outside the posteromedial cortex, the PCC and adjacent retrosplenial cortex are highly connected to other paralimbic and limbic structures. Reciprocal connections to the medial temporal lobe are seen particularly from the ventral PCC and adjacent retrosplenial cortex (Kobayashi and Amaral, 2007) . Both regions show dense connections to the hippocampal formation and parahippocampal cortex (Kobayashi and Amaral, 2007) . In contrast, these connections are much less prominent for the dorsal PCC. Similarly, strong connections are present from the ventral PCC and retrosplenial cortex to the ventromedial prefrontal cortex, including subgenual parts of the anterior cingulate cortex Parvizi et al., 2006) . These connections are either absent or much less prominent for the dorsal PCC. Unlike the rodent, the general anatomical organization of the PCC is broadly preserved between non-human primates and humans (Vogt et al., 1995 (Vogt et al., , 2001 .
The PCC (both ventral and dorsal) also shows prominent connections to areas of heteromodal association cortex in the frontal, temporal and parietal lobes. Strong reciprocal connections are seen to the dorsolateral prefrontal cortex (Brodmann area 46) and the frontal poles (Brodmann areas 10/11), as well as less prominent connections to Brodmann areas 9/46, 8 and 9 (Parvizi et al., 2006) . Both the dorsal PCC and ventral PCC also show connections to dorsal parts of the anterior cingulate cortex (24 a and b). In addition, the PCC projects to other heteromodal regions outside the frontal lobe, with prominent projections to the macaque homologue of the inferior parietal cortex (area PE) and posterior regions of the superior temporal sulcus (area PO) (Parvizi et al., 2006) .
Dense connections also exist from the PCC to subcortical regions, including the thalamus and striatum Yeterian and Pandya, 1988; Kunishio and Haber, 1994; Romanski et al., 1997; Parvizi et al., 2006) . Projections to the thalamus show an unusual organization, with corticothalamic fibres from the PCC innervating a continuous strip from the front to the back of the dorsal thalamus. These tracts cross the anterior dorsal, anterior ventral, anterior medial, superficial lateral dorsal, ventral lateral, ventral anterior, lateral posterior and lateral pulvinar nuclei (Parvizi et al., 2006) . The reverse thalamocortical projections to the PCC are organized differently, although the structure still receives input from a large number of thalamic nuclei (Yeterian and Pandya, 1988) . In line with other parts of the posteromedial cortex, the PCC shows no evidence of connections to primary sensory or primary motor areas (Parvizi et al., 2006) , an observation that serves to emphasize that the region occupies a position remote from low-level sensory or motor processing.
Structural connections in humans
Structural connectivity of the PCC in humans is less well established than in non-human primates; however, recent advances in MRI have allowed the white matter connectivity of the PCC to be studied in vivo in humans (Wakana et al., 2004; Concha et al., 2005; Hagmann et al., 2008; Greicius et al., 2009) . Techniques such as diffusion tensor imaging and diffusion spectrum imaging can be used to map white matter connections. For example, diffusion tensor imaging tractography confirms the presence of structural connections from the retrosplenial cortex and ventral PCC to the medial temporal lobes, as well as connections from the more dorsal PCC to the ventromedial prefrontal cortex along the cingulum bundle . These techniques have also been used to provide a more comprehensive description of the structural connectivity of the whole brain (Hagmann et al., 2008) . Graph-theoretic analyses of the structural connectivity show how highly connected the PCC is, relative to other brain regions, providing evidence for a role as a hub for information processing (Hagmann et al., 2008) .
Functional neuroimaging and the posterior cingulate cortex Metabolism
One of the most striking physiological features of the PCC is its high rate of metabolism. In the human, cerebral blood flow and metabolic rate are 40% greater than average within the PCC and adjacent precuneus . This may in part relate to the region's interactions with the thalamus (Van Groen et al., 1993; Vogt and Laureys, 2005) . The metabolism of the PCC is responsive to cognitive state (e.g. whether a demanding cognitive task such as making a perceptual decision and motor response is required). However, fluctuations in perfusion produced by changes in cognitive state are relatively small compared to the high levels of baseline activity . Cognitive exertion only leads to a fall in PCC perfusion of 6% (Pfefferbaum et al., 2011) . Therefore, even when a task results in a relative fall in PCC activity, the region still shows consistently higher levels of blood flow compared with almost all other brain regions (Pfefferbaum et al., 2011) .
Functional connectivity of the posterior cingulate cortex
The structural connectivity of the PCC is closely related to its functional connectivity with other brain regions, which can be measured with functional MRI (Hagmann et al., 2008; Margulies et al., 2009; Leech et al., 2011) . Functional connectivity can be used to define intrinsic connectivity networks, which consist of networks of brain regions that share common spatio-temporal patterns of activity and that are observed across different populations and across a range of tasks ( Fig. 2) (Beckmann et al., 2005; Smith et al., 2009) . In keeping with its extensive structural connectivity, the PCC shows a complex pattern of functional connectivity (Vincent et al., 2006; Margulies et al., 2009; Leech et al., 2012) , which provides evidence for its interaction with distinct intrinsic connectivity networks across the brain .
The default mode network and interactions with other intrinsic connectivity networks
The dominant functional characterization of the PCC arises out of its central role within the DMN Margulies et al., 2009; Leech et al., 2011) . In addition to the PCC, the main nodes in the DMN are the ventromedial prefrontal cortex, lateral inferior parietal lobes and medial temporal structures . The DMN shows highly correlated activity at 'rest', as well as rapid and reactive deactivation during most tasks where attention is directed externally (Shulman et al., 1997; Raichle et al., 2001; Buckner et al., 2008) . As many experimental tasks involve an external focus of attention, this has led to the DMN being labelled as a 'task-negative' network (Fox et al., 2005) . However, this is misleading as increased DMN activity is observed in many situations where attention is internally directed, such as episodic memory retrieval, planning for the future, and daydreaming (Spreng, 2012) . In the healthy brain, the magnitude of reactive changes in PCC activity is related to cognitive load (Singh and Fawcett, 2008) , and a failure of appropriate deactivation is associated with inefficient cognitive function in both the healthy and damaged brain (e.g. Weissman et al., 2006; Sonuga-Barke and Castellanos, 2007; Bonnelle et al., 2011 Bonnelle et al., , 2012 Crone et al., 2011) . Therefore, dynamic control of DMN activity appears important for efficient cognitive function. Figure 2 The functional connectivity of the PCC. The dorsal PCC sits at the nexus of multiple intrinsic connectivity networks. Activity 'echoes' intrinsic connectivity networks in the rest of the brain. Sagittal and axial slices showing distinct but spatially overlapping regions in the PCC, defined in a data-driven way by their distinct activity pattern. These regions show functional connectivity with the networks illustrated in the sagittal and axial slices on the right of the panel. The networks are labelled in relation to their resemblance to well-defined intrinsic connectivity networks. Adapted from Leech et al. (2011 Leech et al. ( , 2012 ).
The dorsal PCC shows strong connectivity with the DMN, but also to a wide range of other intrinsic connectivity networks, including frontal and parietal regions involved in cognitive control (Vincent et al., 2006; Margulies et al., 2009; Leech et al., 2011) . In contrast to the DMN/'task-negative network', this frontoparietal network has been termed a 'task-positive network', as a result of the activation of these regions in many experimental situations (Fox et al., 2005; Kelly et al., 2008) . Again, this term is potentially confusing because parts of the 'task-positive' network co-activate with the DMN when attention is directed internally (Gerlach et al., 2011) . Large parts of a fronto-parietal network are engaged in the top-down control of visual attention and eye movements. These regions are generally termed the dorsal attentional network (Corbetta et al., 2008) and include the intraparietal sulci, parts of the superior parietal lobules, the temporal lobe MT complex and the frontal eye fields. In addition to the dorsal attention network, a second network involved in executive control, the fronto-parietal control network (FPCN), has been defined (Vincent et al., 2008) . This involves parts of the frontal pole and dorsolateral prefrontal cortex, the rostral anterior cingulate cortex/ pre-supplementary motor area, the anterior insula and parts of the inferior parietal lobule. Functional connectivity analysis suggests that the FPCN also contains the dorsal PCC Spreng, 2012) . Several functional connectivity studies suggest that there are distinct lateralized networks within the FPCN (Damoiseaux et al., 2006) containing lateralized dorsal PCC nodes . In addition, the FPCN can be further fractionated, with the rostral anterior cingulate/pre-supplementary motor area and anterior insulae forming a subnetwork involved in rapidly responding to transient behaviourally salient events, which has been termed the 'salience network' (Seeley et al., 2007) .
Co-ordination between these intrinsic connectivity networks is important for efficient cognitive function, and a major challenge is to understand how these networks dynamically interact. For example, during demanding tasks where attention is directed to external information, activity increases in the dorsal attention network and FPCN, and decreases within the DMN in a tightly coupled way. This produces an anti-correlated pattern over time between the DMN and dorsal attention network/FPCN, and increases in the magnitude of this anti-correlation is associated with improved behavioural responses .
Our work has shown that different parts of the PCC show a complex pattern of interaction with other intrinsic connectivity networks . The ventral PCC shows increased connectivity with the DMN during internally focused states (such as at rest), whereas the dorsal PCC shows increased functional connectivity within the DMN and increased anti-correlation with the dorsal attention network/FPCN when the external attentional task requirements are high; a result supported by assessment of local field potential in ventral and dorsal PCC regions (Dastjerdi et al., 2011) . In a similar vein, we have shown that subregions within the PCC 'echo' many well characterized intrinsic connectivity networks (Fig. 2 ) . For example, one region within the ventral PCC showed strong functional connectivity with the DMN, whilst part of the dorsal PCC showed selective functional connectivity across a range of networks, including both a right and a left FPCN, parts of the dorsal attention network, a sensori-motor network, and a separate salience network. This result suggests that the dorsal PCC exhibits a 'transitional' pattern of connectivity (Vincent et al., 2006; Margulies et al., 2009) , linking networks that are functionally distinct but that require co-ordinated changes in activity to allow for efficient cognitive function.
The posterior cingulate cortex and disease
The PCC and DMN show abnormalities in a wide range of neurological and psychiatric disorders Zhang and Raichle, 2010) . Therefore, a detailed understanding of the effects of disease on the PCC is likely to be important. Here, we provide a selective review of PCC abnormalities in a range of disease states, focusing mainly on studies that investigate brain networks (summarized in Table 1 ). We aim to provide examples of the common patterns of abnormality seen within the PCC, and discuss how these relate to network dysfunction, clinical symptoms and disease mechanism.
Focal damage
There is surprisingly little neuropsychological research about the cognitive consequences of focal lesions on the PCC. Strokes around the posteromedial cortex produce an amnestic syndrome, which may result in part from damage to both the retrosplenial cortex and PCC (Valenstein et al., 1987) . However, the damage produced by this mechanism is almost always extensive and usually affects white matter structures known to be involved in memory function, such as the fornix. In addition, other parts of the posteromedial cortex including the retrosplenial cortex are usually damaged, and this region is also strongly linked to memory function. Although the rostral branches of the posterior cerebral artery supply the ventral PCC and the caudal branches of the anterior cerebral artery supply the dorsal PCC, focal ischaemic lesions to these vascular territories have rarely been reported.
Relatively focal damage to the right ventral PCC and retrosplenial cortex has been shown to produce an impairment of spatial cognition that has been termed topographic disorientation. This is thought to be secondary to memory dysfunction rather than to a perceptual problem (Takahashi et al., 1997; Katayama et al., 1999; Alsaadi et al., 2000) . For example, Takahashi and colleagues (1997) report three patients with right lateralized damage to the ventral part of the cingulate gyrus. The patients found it difficult to recall spatial routes, despite normal or near normal perceptual function. This appeared to be due to problems recalling the relationships between remote spatial locations. Other forms of damage in the posteromedial cortex also produce memory disturbance, as well as high-level visual perceptual deficits. For example, Rudge and Warrington (1991) have reported a series of patients with tumours of the splenium of the corpus callosum. These produced a marked amnestic syndrome as well as a form of visual agnosia characterized by the inability to integrate information into a single gestalt. As with stroke damage, the effects of these tumours extended well beyond the PCC, and memory impairments could be attributed to fornix damage. PCC damage also disrupts many aspects of multi-tasking, including learning task rules, remembering to implement new rules, and the ability to follow distinct plans in different parts of a task (Burgess et al., 2000) .
Neurodegeneration
In contrast to its relatively infrequent focal damage, the PCC is commonly affected by neurodegenerative disease . Reduced metabolism in the PCC is an early feature of Alzheimer's disease, and is often present before a definitive clinical diagnosis (Minoshima et al., 1997; Johnson et al., 1998) . This abnormality is usually part of a more distributed pattern of metabolic dysfunction that includes medial temporal lobe structures and the anterior thalamus. These metabolic changes might reflect damage in remote but connected regions (Johnson et al., 1998) . For example, hypometabolism of the PCC is seen after remote experimental damage to parts of the rhinal cortex (Meguro et al., 1999) . The metabolic abnormality of the PCC in Alzheimer's disease is associated with amyloid deposition and brain atrophy in a spatial distribution that strikingly reflects the nodes of the DMN (Buckner et al., 2005) . Functional connectivity within the DMN is reduced in early Alzheimer's disease, a change that particularly affects the connection between the PCC and the hippocampus (Greicius et al., 2004) . Altered patterns of PCC functional connectivity also reflect APOE genetic status, which is a risk factor for Alzheimer's disease. In healthy young people carrying the APOE E4 allele, increased DMN functional connectivity is observed; a change that might reflect increased neural activity required to overcome network inefficiency that is secondary to the effects of this genotype (Filippini et al., 2009 ). Amyloid deposition is prominently seen in the PCC, and this may be because the high metabolic activity in brain network hubs predisposes to the neuropathological cascade that leads to Alzheimer's disease (Buckner et al., 2009) .
Recently, interest has focused on the way in which neurodegenerative diseases spread 'prion-like' through the brain. Proteins such as amyloid-b and TDP-43 that are causatively linked to neurodegeneration have been shown to spread trans-synaptically in their abnormal form (Frost and Diamond, 2010) . This provides a potential explanation for the spatial distribution of Alzheimer's disease pathology within the DMN, as the transmission of abnormal protein would be constrained by the organization of white matter connections. In general, there is a striking similarity between patterns of atrophy seen in different neurodegenerative diseases, and the structure and connectivity patterns seen in healthy intrinsic connectivity networks (Seeley et al., 2009 ). In the case of Alzheimer's disease, patterns of atrophy are predicted by the topology of white matter connectivity (Raj et al., 2012) , providing an explanation for why the highly connected PCC is affected early in the course of the disease. , 2007) . Functional abnormalities in the PCC are also observed during task performance (Sambataro et al., 2010; Prakash et al., 2012; Spreng and Schacter, 2012) . When attention is directed externally, ageing is associated with a failure of the PCC deactivation that is usually tightly coupled to increases in cognitive load (Prakash et al., 2012) . This change may not necessarily reflect an age-related abnormality within the PCC itself. In the study of Prakash et al. (2012) , the region's activity during other cognitive tasks was shown to be normal. Instead, the abnormal pattern of deactivation may reflect abnormal control of the PCC/DMN (Spreng and Schacter, 2012) . These functional abnormalities might be caused by either structural changes within the PCC, abnormalities in its white matter connections, or abnormalities in the brain regions with which it interacts. White matter tract damage to the connections of the DMN correlates with age-related changes in PCC functional connectivity (Andrews-Hanna et al., 2007) , and older individuals with high levels of amyloid deposition in the PCC but who are cognitively normal show reduced levels of PCC functional connectivity ).
Traumatic brain injury
Our own work and others have consistently shown abnormalities in the PCC following traumatic brain injury (Kim et al., 2010; Mayer et al., 2011; Sharp et al., 2011; Bonnelle et al., 2011 Bonnelle et al., , 2012 . Head injuries frequently produce diffuse axonal injury, which disconnects brain regions and produces cognitive impairment . This is associated with reduced metabolism within the PCC (Nakashima et al., 2007) . We studied the clinical significance of these abnormalities by investigating patients with traumatic brain injury performing a simple choice reaction time task . Traumatic brain injury often leads to impairments of sustained attention, and we observed that cognitive performance declined over time in our patients. Behaviour was normal at the start of the experiment, but slower and more variable by the end. The pattern of functional connectivity from the PCC/precuneus to the rest of the DMN predicted this decline in performance, and importantly this predictive information was present in the initial period of the experiment, when behaviour was normal. We also investigated the structure of the cingulum bundles, which connect the PCC to the anterior part of the DMN. Increasing damage to the right cingulum bundle (green area in Fig. 3A ) was correlated with impairments of sustained attention. These results suggest that disruption of structural and functional connectivity within the DMN contribute to impairments of sustained attention (Fig. 3A) .
Patients with traumatic brain injury can also have difficulty switching from relatively automatic to controlled responses, and this can result in perseverative behaviour. As in healthy ageing, this cognitive problem was associated with a failure of task-dependent deactivation within the PCC (Bonnelle et al., 2012) . We studied this using the Stop Signal Task, where subjects are required to inhibit a motor response to an unexpected Stop cue. A subgroup of patients with traumatic brain injury showed impaired motor inhibition related to a failure to rapidly deactivate the ventral PCC. As in healthy individuals (Weissman et al., 2006) , this pattern suggests that the inability to maintain efficient control of DMN function is associated with lapses in the moment-tomoment regulation of attention. The extent of this predominantly ventral PCC abnormality in patients with traumatic brain injury was strikingly predicted by the structural integrity of the white matter tract connecting the right anterior insula to the dorsal anterior cingulate cortex/pre-supplementary motor area, core nodes of the salience network (blue area in Fig. 3A ; red area in Fig. 3B ). These results suggest that interactions between the salience network and the DMN are important for the rapid re-allocation of attentional resources. Therefore, the failure to efficiently control PCC/DMN activity is associated with attentional lapses, and this can result from damage to the integrity of the salience network.
Autism
Metabolic and functional abnormalities of the PCC are seen in autistic spectrum disorders. Patients show reductions in metabolism measured by fluorodeoxyglucose PET (Haznedar et al., 2000) , as well as abnormal functional responses measured with functional MRI (Pierce et al., 2004; Cherkassky et al., 2006; Kennedy et al., 2006; Chiu et al., 2008) . In general, studies have also demonstrated reductions in functional connectivity (Horwitz et al., 1988) . These reductions are particularly prominent in the PCC (Cherkassky et al., 2006) , although more complex patterns of functional connectivity abnormality have also been reported (Monk et al., 2009) . Abnormalities in cingulate responses during interpersonal interaction have been shown to correlate with the severity of patients' autistic symptoms (Chiu et al., 2008) , and a failure to show task dependent deactivation in the PCC has been shown to correlate with social function (Kennedy et al., 2006) . Post-mortem studies provide evidence for cytoarchitectonic abnormalities within the PCC of patients with autistic spectrum disorders, as well as reduced levels of GABA A receptors (Oblak et al., 2011) and benzodiazepine binding sites (Oblak et al., 2011) , compatible with an abnormality in local circuit inhibitory processing.
Schizophrenia
The PCC has also been shown to exhibit abnormal brain activity in a number of psychiatric conditions including schizophrenia, depression and ADHD (for reviews see Greicius, 2008; Broyd et al., 2009) . Schizophrenia is a psychotic disorder that produces disordered perception and cognitive function resulting in hallucinations, delusions, and disorganized speech and behaviour (Liddle, 1987) . Much of the symptomatology is characterized by a failure to distinguish clearly between internal and external events and a lack of insight. Two PET studies have shown abnormalities of PCC metabolism in schizophrenia. Glucose metabolism measured using fluorodeoxyglucose PET was decreased in schizophrenics (Haznedar et al., 2004) , and the correlation between glucose metabolism in the pulvinar and the PCC was abnormally high in unmedicated patients (Mitelman et al., 2005a, b) . In this last study, thalamic interactions with the frontal lobes were reduced in the same patients, suggesting a differential effect of schizophrenia on thalamo-cortical connections. Post-mortem autoradiography has also demonstrated abnormalities of NMDA, cannabinoid and GABAergic receptor binding in schizophrenics in the PCC (Newell et al., 2005 (Newell et al., , 2006 (Newell et al., , 2007 . For example, cannabinoid receptors are elevated in the PCC (Newell et al., 2006) , and in vivo PET neuroimaging of the cannabinoid receptor CB1 show that levels in patients correlate with the likelihood of psychotic symptoms (Wong et al., 2010) .
Schizophrenic patients show abnormalities in the structure of the PCC, and in its white matter connections. Reduction of PCC volume has been reported (Sowell et al., 2000; Hulshoff Pol et al., 2001) , which is more pronounced in those patients with poor outcome (Mitelman et al., 2005a, b) . Disconnection of largescale brain networks may be important in the aetiology of the condition, and a large number of studies have reported white matter abnormalities in the cingulum bundle, which connects the PCC to other limbic structures (Kubicki et al., 2003 (Kubicki et al., , 2005 Sun et al., 2003; Samartzis et al., 2013) . Many functional MRI studies have also provided evidence for abnormal PCC function. Increases and decreases of 'resting' functional connectivity have been reported in both patients and their first-degree relatives (Liang et al., yellow) predicts sustained attention impairment. In addition, damage to the right cingulum bundle (green) is correlated with sustained attention following traumatic brain injury, here measured as reaction time (RT) change over the course of a choice reaction time task. Part of the salience network is also shown for orientation in blue. (B) Reduced structural integrity of the salience network between presupplementary motor area/dorsal anterior cingulate cortex (pre-SMA/dACC) and right anterior insula (rAI) leads to functional abnormality within the PCC after traumatic brain injury. Activation within the salience network during successful stopping on the Stop Signal Task is shown in red-yellow in the left panel. The white matter tract connecting these regions is shown in blue. In the middle panel the structural integrity of the rAI-preSMA/dACC tract is plotted against deactivation of the ventral PCC during successful stopping on the Stop Signal Task (Stop correct versus Go trial contrast). Fractional anisotropy (FA) derived from diffusion tensor imaging data is used to quantify structural integrity of the tract. The right panel shows regions where activity during stopping is predicted by the structural integrity of the rAI-preSMA/dACC tract using a whole brain analysis.
2006; Zhou et al., 2007; Whitfield-Gabrieli et al., 2009) . Interestingly, a weakening of the anti-correlation of activity between the PCC/DMN and the FPCN is observed (Zhou et al., 2007) . The PCC also responds abnormally during task performance. For example, less task dependent deactivation has been reported in patients and their relatives, an abnormality that correlated with both behavioural performance on the task and psychopathology (Whitfield-Gabrieli et al., 2009) .
The network abnormalities observed in schizophrenia may be directly related to psychotic symptoms (Carhart-Harris et al., 2012a, b, c) . The psychedelic drug psiloscybin is a candidate for a drug model of psychosis, and has a marked effect on PCC activity (Carhart-Harris et al., 2012a, b, c) . The drug induces an altered state of consciousness, which is strongly related to abnormal metabolism and PCC functional connectivity (Carhart-Harris et al., 2012a, b, c) , and reduces the strength of anti-correlations between the DMN and FPCN (Carhart-Harris et al., 2012a, b, c) . As these networks frequently contribute in opposing ways to internally and externally directed cognition, this might plausibly represent a weakening of the separation between internal and external thought, which might lead directly to psychosis.
Depression
Recently a number of MRI studies have shown abnormal PCC functional connectivity in major depression, although the abnormalities reported are variable (Bluhm et al., 2009; Zhou et al., 2010; Berman et al., 2011; Zhu et al., 2012) . One study reported increased PCC functional connectivity, accompanied by increased anti-correlation with parts of the FPCN (Zhou et al., 2010) . Another showed decreased functional connectivity from the PCC to the caudate in patients with depression before starting medication (Bluhm et al., 2009) . Several studies have investigated interactions between the PCC and the sub-genual cingulate region, Brodmann's area 25 in the frontal lobe, an area implicated in the aetiology of depression. The sub-genual cingulate region is highly connected to the PCC, forming part of the anterior node of the DMN. Both regions are metabolically overactive in treatment-resistant major depression (Ho et al., 1996; Mayberg et al., 1999) , and deep brain stimulation of the adjacent white matter can lead to alleviation of refractory depressive symptoms (Mayberg et al., 2005) . Increased correlation of activity between the PCC and the sub-genual cingulate is seen in depression, and correlates with excessive rumination, a behavioural feature of depression (Berman et al., 2011) .
Interactions between the PCC and the sub-genual cingulate region may also be an important influence on treatment response. Both regions show metabolic changes after anti-depressant treatment, which predicts clinical response (Mayberg et al., 1999 (Mayberg et al., , 2000 (Mayberg et al., , 2005 . Responders to fluoxetine showed increased PCC activity, accompanied by decreases in the sub-genual cingulate (Mayberg et al., 1999 (Mayberg et al., , 2000 . Similarly, responders to deep brain stimulation showed increased glucose metabolism and regional cerebral blood flow in the PCC, accompanying a more complex pattern of alterations in the sub-genual cingulate target region (Mayberg et al., 2005; Lozano et al., 2008) . The successful treatment of refractory depression using deep brain stimulation demonstrates the therapeutic value of developing a detailed understanding of abnormal patterns of brain network activity. Moving forwards, a detailed understanding of the brain's intrinsic connectivity networks and the role of hub regions such as the PCC could greatly assist development of targeted interventions using deep brain stimulation aimed at normalizing network activity (Kringelbach et al., 2011) .
Attention deficit hyperactivity disorder
It has been proposed that ADHD is a disorder of the DMN, where uncontrolled activity disrupts other neural systems leading to attentional lapses (Sonuga-Barke and Castellanos, 2007) . A recent meta-analysis of structural MRI studies in almost 400 patients with ADHD shows an increased size of the left PCC, providing some evidence for a developmental abnormality affecting the PCC (Nakao et al., 2011) . PCC function is abnormal in ADHD Uddin et al., 2009; Fisher et al., 2011 ; for a review see Castellanos and Proal, 2012) . Reductions in the anti-correlation between the PCC/precuneus and the FPCN are found in both adults with ADHD and in children before the start of medication Sun et al., 2012) . In addition, functional connectivity is also reduced within the DMN , and resting state activity has been shown to be useful in classifying children with and without ADHD (Zhu et al., 2008) .
Psychostimulant medication improves attentional impairments in ADHD, and has a specific effect on PCC activity. A reduction of the normal task-dependent PCC deactivation is seen in patients not taking their medication, and this abnormality is normalized by psychostimulants (Peterson et al., 2009 ). This effect of stimulant medication on the PCC has been replicated in two further studies (Liddle et al., 2011; Schulz et al., 2012) . One of these provided evidence that this PCC effect may be specific to stimulant treatments, as it is not seen with the non-stimulant medication atomoxetine (Schulz et al., 2012 ). The other varied the level of motivation subjects had for doing a Go/No-Go task (Liddle et al., 2011) . As expected, when motivation levels were low, the stimulant methylphenidate normalized DMN deactivation associated with performance of a Go/No-Go task. However, increasing levels of motivation also normalized DMN deactivation, and adding the drug in this situation produced no further benefit. This suggests that the DMN is able to function normally in patients with ADHD, but that its regulatory influences are impaired (Liddle et al., 2011) .
ADHD has a strong hereditary component, and a number of candidate genes have been identified (Faraone et al., 2005) . One of these, synaptosomal-associated protein 25 (SNAP25), is a neuronal protein implicated in neurotransmitter release. Intriguingly, in healthy children SNAP25 polymorphisms are associated with (i) varying levels of working memory capacity; (ii) altered PCC structure; and (iii) varying task-dependent PCC deactivation patterns on a working memory task. This suggests that genetic predisposition to ADHD might be mediated through an effect on PCC function (Soderqvist et al., 2010) .
Summary of disease and the posterior cingulate cortex
Across a range of neurological and psychiatric disorders the PCC is repeatedly found to be structurally and functionally abnormal. In some cases, such as Alzheimer's disease, there is clear evidence for structural pathology within the PCC. However, in many cases abnormal function is likely to be the consequence of remote pathology or distributed network pathology (Spreng and Schacter, 2012) . For example, the failure of appropriate PCC deactivation as cognitive load increases has been reported in healthy ageing, traumatic brain injury, ADHD, autism and schizophrenia. This PCC abnormality appears linked to lapses of attention. Disruption of the controlling influence of the salience network, rather than damage to the PCC itself, may be critical factor (Bonnelle et al., 2012) . As suggested in the following sections, the PCC is likely to function as an integrative hub, mediating information flow around the brain. Therefore, many of the functional abnormalities observed within the PCC may be best viewed as a form of diaschisis, where the effects of remote and often diffuse damage accumulate as abnormal function within the PCC. Although these changes may be non-specific, their predictable and localized nature may make them particularly useful as biomarkers for guiding treatment.
Current theories of the role of the posterior cingulate cortex in cognitive function
As we have discussed, abnormalities within the PCC are often associated with cognitive impairments, which include memory function (e.g. Alzheimer's disease, traumatic brain injury, depression), attention (e.g. Alzheimer's disease, traumatic brain injury, ADHD) and problems maintaining the balance between internal and external thought (e.g. schizophrenia, traumatic brain injury, autism). These observations suggest that the region plays a key role in cognitive function. Early theories emphasized a role for the whole of the cingulate in emotion (Papez, 1937) . However, a single function for the whole cingulate is not compatible with more recent work. Although the PCC responds to emotional stimuli (Maddock et al., 2003) , it is clear that the role of the region in cognition extends well beyond emotional processing (Vogt, 2009) . The region has extensive connections to heteromodal association and paralimbic areas suggesting that it is well placed to integrate and influence higher-level information processing. There are several competing theories about the nature of this role.
Arousal and awareness
The PCC is implicated as a key structure for both arousal and awareness (Laureys et al., 2004; Vogt and Laureys, 2005; Boly et al., 2008) . Relatively high levels of PCC metabolism and functional connectivity are associated with the normal conscious state. In contrast, in low states of arousal and awareness, including deep sedation, PCC activity measured by both absolute blood flow and functional connectivity is reduced (Fiset et al., 1999) . PCC metabolism and connectivity is also low in the vegetative state and increases as patients regain consciousness (Laureys et al., 1999 (Laureys et al., , 2000 Vanhaudenhuyse et al., 2010; Heine et al., 2012) .
Activity in the PCC is also sensitive to changes in awareness associated with sleep. Stepwise reductions of connectivity between the PCC and prefrontal regions track the changes in vigilance level that occur in different sleep states (Horovitz et al., 2008 (Horovitz et al., , 2009 Larson-Prior et al., 2009; Samann et al., 2011) . Similarly, under anaesthesia, propofol reduces both PCC metabolism and functional connectivity more than many other brain regions (Fiset et al., 1999) . More sophisticated analyses of causal interactions between brain regions (effective connectivity) suggest that the reduction in conscious level observed with propofol sedation is associated with a loss of the normal top-down cortico-cortical communication from the dorsal anterior cingulate cortex to the PCC (Boly et al., 2012) . Hence, alterations in arousal and awareness across many different states are associated with changes in the neural activity of the PCC and its interactions with other brain regions.
Internally directed thought
Probably the dominant current theory of PCC function is that it is directly involved in some aspect of internally directed thought (Binder et al., 1999; Buckner et al., 2008) . One early hypothesis was that the PCC plays a role in supporting the semantic elements of 'stimulus-independent' thought (Binder et al., 1999) . Activity in the PCC was higher when subjects report more 'stimulus-independent' thoughts, a state where mental activity is unconstrained by external stimuli. Binder et al. (1999) proposed that the PCC, along with other DMN regions such as lateral inferior parietal regions, are continually involved in the conceptual processing associated with this type of freewheeling mental activity. In this state semantic knowledge is retrieved, maintained in awareness and manipulated for the purposes of problem solving and planning. A related account is that the PCC supports internally directed thought more generally . In support of this account, increased brain activity in the PCC is seen in individuals who daydream more (Mason et al., 2007) , and when thoughts are explicitly directed internally, for example when autobiographical memories are retrieved or when individuals plan for the future Addis et al., 2007) . Such internally directed cognition has been particularly related to ventral parts of the PCC, as well as to the retrosplenial cortex (Maguire and Mummery, 1999; Maddock et al., 2003) .
Controlling the balance between internal and external attention
As discussed above, the PCC shows a cytoarchitectonic structure that is intermediate between the isocortical brain regions organized to hierarchically process perceptual input, and more primitive limbic allocortical and hypothalamic regions that are primarily involved in internal homeostasis as well as mnemonic processing. Mesulam (1998) proposed the theory that paralimbic regions, including the PCC, link the processing of information derived from internal and external worlds and that the PCC is part of a hippocampocentric subdivision of the paralimbic zone, that provides a link between the hippocampal formation and higher-level cortices. Viewed in this context, the role of the PCC could extend beyond supporting internal thought, and rather play a more active role in controlling the balance between an internal and external focus of attention.
Functional imaging studies provide support for Mesulam's (1998) theory. Activity within the PCC has clearly been shown to correlate with the efficiency of cognitive processing in various contexts (Hampson et al., 2006; Weissman et al., 2006; Gilbert et al., 2007; Hahn et al., 2007; Kelly et al. 2008; Singh and Fawcett, 2008; Sharp et al., 2011) . One explanation is that a failure to suppress PCC activity is associated with the intrusion of internal mentation into task performance (Weissman et al., 2006; Sonuga-Barke and Castellanos, 2007) . However, in certain situations increased PCC activity or its functional connectivity is associated with improved behavioural performance, even when attention is externally directed (Hampson et al., 2006; Hahn et al., 2007; Sharp et al., 2011) . For example, activity in the PCC, as well as other parts of the DMN, increases with faster responses to unpredictable but not predictable stimuli (Hahn et al., 2007) , and increased functional connectivity of the PCC within the DMN is associated with faster reaction times to external stimuli in the healthy brain and following traumatic brain injury (Hampson et al., 2006; Sharp et al., 2011) . These functional imaging results are difficult to reconcile with a simple relationship in which PCC activity is always the result of internally directed thought. Instead, they are more consistent with an alternative hypothesis; that parts of the PCC have a direct role controlling the balance between an internal and external attentional focus. The connections of the dorsal PCC are consistent with such a role, as they show a 'transitional' pattern of connectivity, linking the region to other intrinsic connectivity networks.
Environmental change detection
The PCC may be actively involved in maintaining a vigilant attentional state (Shulman et al., 1997; Gilbert et al., 2007; Hahn et al., 2007) , or in signalling behaviourally relevant changes in the environment (Pearson et al., 2011) . These theories could explain the positive relationship between increasing PCC activity and efficient externally directed behaviour, as a vigilant state or an efficient signal of a behaviourally relevant environmental change would be expected to result in a more rapid behavioural response.
A role for the PCC in environmental change detection is supported by elegant electrophysiological work in non-human primates (Hayden et al., 2008 Pearson et al., 2009) . The PCC exhibits a sustained suppression of cell firing when attention is externally focused, with relatively small reductions of activity associated with slower reaction times . Some neurons also show transient phasic increases in firing, which are associated with behaviourally salient information appearing in the environment . These phasic responses appear to indicate a change in the environment that is important for learning, and provide a signal that is complementary to the reward signals coded by midbrain dopaminergic cells (McCoy et al., 2003) . In humans, PCC activity has been shown to increase during attentional biasing to targets that are of high motivational value, which is accompanied by an increased functional connectivity to areas within the intraparietal sulcus involved in spatial attention (Mohanty et al., 2008) . These phasic and tonic elements of PCC function appear to be independent, and in monkeys the firing of PCC neurons over time both integrate the history of rewards experienced, and importantly predict the likelihood that there will be a change in behavioural strategy in the future (Pearson et al., 2009) . This work provides evidence that the PCC integrates the consequences of behaviour over time, and provides a signal for strategic changes in behaviour when the consequences of previous actions are suboptimal (Hayden et al., 2008; Pearson et al., 2009) .
In keeping with this theory is our observation that 'echoes' of a range of intrinsic connectivity networks are present in the activity of spatially overlapping but distinct parts of the PCC (Fig. 2 ) . This shows that the PCC can code complex patterns of neural activity that are present in large numbers of remote brain regions, a feature that would be expected of a brain hub involved in integrating sources of information. Once activity across the PCC is controlled using a multivariate approach, the results show that parts of the dorsal PCC show high functional connectivity to the FPCN . In addition, activity in this dorsal PCC subregion is modulated by attentional state. When subjects are waiting for an external cue to action and broad vigilance is required, activity in this region is high. In contrast, when action is initiated and attention must be focused on the externally cued task, activity in this region falls.
An integrated model of posterior cingulate function
Current experimental findings are not well described by a simple model of the PCC as an isolated cortical region engaged only in internally directed thought. Instead, we propose an integrated model that synthesizes elements from the main competing theories, and provides insight into the patterns of PCC abnormality observed in different disease states (the 'Arousal, Balance and Breadth of Attention' model, ABBA). We suggest that to understand PCC function one needs to consider three dimensions: (i) the state of arousal; (ii) the balance between internally and externally focused attention; and (iii) the breadth of attention. This conceptualization allows for the multiple competing sources of data to be integrated into a single theoretical model. We discuss each dimension in the next section, and the main features of the model are illustrated in Fig. 4 with further explanation in the text.
Posterior cingulate function in three dimensions Arousal
The PCC is highly sensitive to arousal state, which is important in interpreting the abnormalities seen in patients with reduced levels of consciousness. We illustrate this at the centre of Fig. 4, by showing a low level of PCC activation and functional connectivity when arousal is low. It seems likely that a minimum level of arousal is required for the PCC to efficiently interact with other brain regions, and that the cortico-cortical interactions required for awareness are not possible below this level. We envisage that changes in the level of arousal lead to alterations of activity across the whole PCC (both dorsal and ventral subregions). In contrast, changes in the balance of internal/external attention and the breadth of attentional focus produce regional alterations of activity and connectivity within the PCC.
Internal/external thought
In line with previous work (Vogt et al., 2006) , we propose that the dorsal and ventral subregions of the PCC have distinct functions. Because of its structural connections to the rest of the DMN, including the retrosplenial cortex and hippocampal formations, the ventral PCC is predominantly involved in supporting various aspects of internally directed thought, including the retrieval of episodic and semantic memories. In contrast, the dorsal PCC has broad connectivity to other intrinsic connectivity networks, particularly networks involved in cognitive control. Therefore, the dorsal PCC is involved in detecting and responding to environmental events that may require a change in behaviour and that are not part of the current cognitive set. We envisage that dynamic interactions between the subdivisions of the PCC and other intrinsic connectivity networks are important for regulating the balance between internal and external attentional focus . The inability to regulate the balance of internal versus external attention appears to be important in a range of clinical disorders. For example, the inability to deactivate the PCC (either the result of local damage or through modulating frontoparietal brain networks) during externally-focused tasks, may result in distracting internally-focused information processing. This may impair a range of executive abilities in traumatic brain injury, ADHD, Alzheimer's disease and normal ageing and is consistent with a range of psychiatric symptoms in schizophrenia and depression.
Attentional focus
Attention can be viewed as varying along a spectrum from narrow to broad (Wachtel, 1967; Eriksen and Yeh, 1985) . For example, in http://brain.oxfordjournals.org/ the case of visual processing one might focus exclusively on a single visual event, or allow a range of stimuli across the visual field to enter consciousness (Andrews-Hanna et al., 2010) . More generally, a variable attentional focus can apply across different sensory modalities, as well as to internal or external thought. We propose that the PCC is involved in 'tuning' the focus of attention (see 'Dynamical systems' section below). Many of the clinical disorders associated with PCC abnormalities also have symptoms that are consistent with an inability to regulate the breadth of attention. Impairments in integrating information reported in autism, some types of dementia, depression and schizophrenia may relate to breadth of attention (either inappropriately wide or too narrow), and may be a consequence of dysfunction of the PCC because of either local or remote damage.
External/narrow attentional focus
Most cognitive neuroscience studies require subjects to have a narrow external focus. The N-back task is representative of this type of task (Fig. 4) . Here subjects are rapidly presented with new information that must be held in mind (working memory) and used to guide choices. This is associated with increased activation of the dorsal attention network and FPCN, and coupled deactivation in both the dorsal PCC and ventral PCC . Although PCC activity is relatively reduced, the dorsal PCC shows increased functional connectivity to the rest of the DMN and greater anti-correlation with networks that are activated by the task, including the FPCN and dorsal attention network .
External/broad attentional focus
Broadening the focus of attention potentially allows an individual to be more adaptive, as unexpected events can be captured by attention more rapidly (Fig. 4) . Cognitively this corresponds to an ability to monitor and respond to behaviourally relevant environmental stimuli that occur outside the current cognitive task, and then rapidly change cognitive state. At present, there is relatively little functional neuroimaging data on this state. However, we predict that future studies will show that this state is associated with increased dorsal PCC activity, as well as increased functional connectivity between the dorsal PCC and FPCN.
Internal/narrow attentional focus
Attention can also be directed internally, for example when attempting to retrieve autobiographical information from memory (Fig. 4) . This is associated with activation in the ventral PCC and retrosplenial cortex (Vann et al., 2009) . These regions co-activate with parts of the FPCN during internally directed cognition, illustrating that these brain regions do not always show anti-correlated activity (Spreng and Grady, 2010; Spreng, 2012) . Increased functional connectivity between the ventral PCC and the FPCN has also been shown in the pattern of brain activity in expert meditators, which might be viewed as another example of a focused internal state (Brewer et al., 2011) . Again, there is relatively little evidence directly assessing the pattern of functional activation and connectivity in this state. However, based on our model, we predict that this state will involve increased ventral PCC activity, increased ventral PCC functional connectivity to the DMN and FPCN, and greater anti-correlation to the dorsal attention network. We predict that the interaction between the ventral PCC and FPCN will be involved in the maintenance of a narrow internal focus.
Internal/broad attentional focus
A broad internal focus of attention occurs in the freewheeling cognitive state, which is usually thought of as accompanying subjects at 'rest' (Fig. 4) . Given the inherent difficulties in assessing the content of unconstrained thought, this state is challenging to study empirically. However, 'resting state' functional MRI shows that activity across the PCC is relatively high. Functional connectivity within the DMN is also high, whereas the ventral PCC shows an anti-correlated pattern of activity to the dorsal attention network (Fox et al., 2005; Leech et al., 2011) .
A dynamic systems approach to understanding posterior cingulate function So far we have discussed the connectivity of the PCC in a rather static way. An important additional consideration is how its connectivity changes over time, i.e. its dynamic properties. From a network perspective, when attention is focused we expect activity and functional connectivity to be relatively stable over time. Brain regions involved in supporting task performance will show increased activity, which will fluctuate relatively little. This corresponds to a narrow attentional focus, where the influence of events outside the attentional focus is limited. In contrast, if an individual is in a relatively unfocused attentional state, network activity will be less stable over time, cycling through a greater number of states that correspond to variable cognitive operations. This might occur when there is no explicit experimental task (i.e. the 'rest' state), when spontaneously recalling memories of different types, when maintaining a broad vigilant state, or when switching between tasks.
To understand how PCC activity might relate to these timedependent changes in attentional state and network activity, a way of describing its dynamic interactions is required. One approach is to view the brain as a complex dynamic network (Deco et al., 2009; Kitzbichler et al., 2009; Chialvo, 2010; Shanahan, 2010b; Cabral et al., 2011) . This is likely to be particularly useful for understanding network hubs, as the approach provides a framework within which to summarize complex interactions across the whole brain, as well as allowing the investigation of the influence of single regions such as the PCC. An important observation from the field of complex network theory is that the brain appears to exhibit features of self-organized criticality (for review see Chialvo, 2010; Expert et al., 2011) . This type of organization has been described in other complex networks, and allows a system to naturally exist in a stable yet adaptable state, poised at the point of second-order phase transitions. As the brain needs to be capable of responding flexibly but have stable global interactions, this configuration may be the common feature of networks capable of giving rise to the type of emergent complexity found in neural activity and cognition (Chialvo, 2010) .
Two ways of describing a critical system are with measures of network synchrony and network metastability (Shanahan, 2010a) . Network synchrony provides a summary of the extent to which clusters of nodes or the whole network shows coherent activity over time. A network where all nodes follow the same pattern has a very high synchrony, whereas a network where nodes are completely unrelated will have very low synchrony. Network metastability quantifies the extent to which synchrony fluctuates over time (Kitzbichler et al., 2009; Shanahan, 2010a) . A high metastability indicates that the network shifts through multiple short-lived yet stable states (in the brain these might be thought of as different cognitive states).
The PCC's structural and functional connectivity are suggestive of an important role in regulating global brain dynamics van den Heuvel et al., 2012) . We propose that through its extensive connectivity the dorsal PCC influences whole-brain metastability, providing a mechanism by which attentional focus is altered. In a broad attentional state, network activity is relatively unconstrained, with reduced synchrony and high metastability. The 'echoes' of intrinsic connectivity networks within the PCC reflect or perhaps permit activity across the rest of the brain to traverse through numerous different neural states (Fig. 5) . Activity in the PCC is relatively high in the unfocused state (left panel), and over time PCC activity 'echoes' the dynamic changes of activity within distinct intrinsic connectivity networks (middle panel). The pattern of activity in distinct intrinsic connectivity networks is plotted in the right panel, which would be associated with rapidly changing cognitive states.
In contrast, we propose that a narrow attentional focus is associated with a more constrained neural state, reflecting the cognitive processing demands of a single task. Variability in the system as a whole reduces as the brain settles into a single neural state, which facilitates stable task performance. Synchrony within the intrinsic connectivity networks involved in the task is high, and overall metastability low. The bottom panel of Fig. 5 illustrates performance of a task such as the N-back, where a narrow external focus is required. Here PCC activity is relatively reduced, synchrony within the dorsal attentional network persists over time, and activity within the DMN and dorsal attentional network are anti-correlated.
The observation of complex 'echoes' of other intrinsic connectivity activity in the dorsal PCC is in keeping with this theory . In addition, we have observed that high global metastability and low synchrony is associated with high PCC activity in empirical functional MRI analysis and complementary computational simulations (Hellyer et al., 2012) . We speculate that the dorsal PCC is involved in 'tuning' the current level of metastability in the system as a whole. Increased activity in the dorsal PCC would allow increased whole-brain metastability, and rapid transitions between different neural states. This would result in rapid changes of activity in intrinsic connectivity networks. Reduced activity within the dorsal PCC would be associated with a reduction in metastability, as the rest of the system settles into a stable state to allow consistent performance of a specific task. It remains to be seen how the ventral PCC and dorsal PCC interact in modulating global brain dynamics, and whether the ventral PCC, for example, has a specific role in modulating the metastability of networks involved in internally directed attention (e.g. hippocampus and ventromedial prefrontal cortex). PCC dysfunction in some disorders may produce abnormal brain metastability. For example, in traumatic brain injury the perseverative behaviour might be explained by reduced metastability, resulting in an inability to flexibly change between different cognitive states. Other disorders, such as schizophrenia, may involve Figure 5 An illustration of a dynamic systems approach to understanding PCC function. (A) Activity within the PCC is relatively high in the broad attentional state and low in the narrow attentional state. (B) In the broad attentional state, the system transitions through a number of different network configurations, which accompany different cognitive processes. These are shown for the purposes of illustration as the FPCN (green), the DMN (blue) and the dorsal attention network (red/yellow), In the narrow attentional state, one particular pattern of neural synchrony persists over time (here the dorsal attentional network), allowing stable cognitive processing. (C) Activity in distinct intrinsic connectivity networks plotted over time. Activity in the dorsal PCC 'echoes' these dynamic intrinsic connectivity network changes. Large fluctuations in activity in the broad attentional state are associated with low overall synchrony and high metastability, whereas relatively stable activity in the narrow attentional state is associated with high synchrony and low metastability.
abnormally high metastability, resulting in too many rapid state transitions. Future empirical and computational work is needed to understand metastability in different diseases and the PCC's role in its control.
Relationship to existing theories of attention
Our proposals are largely complementary to existing theories about the neuroanatomical basis of attention. Our account emphasizes the role of the PCC as a transmodal thalamo-cortical hub, which interacts with other fronto-parietal and subcortical networks more traditionally thought of as attentional in nature. The PCC is absent from the dominant theory of attention in the brain (Posner and Petersen, 1990; Petersen and Posner 2012) . This emphasizes neural networks involved in alerting, orienting and exerting executive control over attention (Posner and Petersen, 1990; Petersen and Posner 2012) . We extend this by considering the role of the PCC, and propose how the internal/external focus and the breadth of attention may be controlled.
Input from the frontal lobes is likely to be particularly important in determining the level of dorsal PCC activity, with evidence for both top-down and bottom-up attentional signals influencing the PCC through the prefrontal cortex. Task goals encoded in the prefrontal cortex have been shown to influence activity within the PCC, and our own work demonstrates that the salience network is particularly important in the control of task-dependent deactivation within the PCC in response to unexpected bottomup cues to change behaviour (Bonnelle et al., 2012) . The right anterior insula appears to play a particularly important role in coordinating the activity of other brain networks in response to unexpected events. Menon and colleagues propose a model whereby sensory and limbic inputs are processed by the anterior insula, which then interacts with other brain networks to regulate their activity. In support of this theory, activation of this structure may cause deactivation of the PCC in response to unexpected salient events (Sridharan et al., 2008) , and damage to the white matter tract connecting the anterior insula to the dorsal anterior cingulate cortex/pre-supplementary motor area results in uncontrolled PCC activity after brain injury (Bonnelle et al., 2012) . We extend this model by proposing that the right anterior insula and the dorsal PCC together form a system that regulates the attentional focus. We propose that the anterior insula signals the need for attention to be focused externally, and its interaction with the dorsal PCC leads to a reduction in metastability that facilitates the consistent activation of networks appropriate for the current behavioural state. The dorsal PCC and right anterior insula can be viewed as providing opposing signals in terms of attentional focus, but may also operate over different temporal scales, with the right anterior insula providing phasic cues and electrophysiology studies suggesting that the PCC integrates information tonically over a slower time scale (Pearson et al., 2009) .
Future directions
Detailed computational simulations will provide one important avenue for future research. Recently, biologically plausible network simulations have begun to be implemented, which are constrained by our increasing understanding of the white matter connectome. For example, Deco et al. (2009) have used knowledge of the connections of the PCC derived from diffusion spectrum imaging to constrain the interactions of a computational model of the DMN and its interactions with other intrinsic connectivity networks. This has shown how anti-correlations can spontaneously arise from the interactions between networks. One strength of this type of approach is that predictions of the model can be tested against empirical functional MRI data, providing a way to evaluate the models validity. As we gain greater knowledge of the human connectome and more detailed anatomical descriptions of the distributions of neurotransmitters and regional receptor densities, more neurobiologically constrained simulations of the brain and the PCC's role within it will become possible. These simulations can be tested alongside increasingly detailed neuroimaging data at a range of temporal and spatial resolutions by fusing different neuroimaging modalities, allowing an increasingly comprehensive description of the region's function.
Studying the PCC in disease states will continue to be important in future work. This will allow an increased understanding of disease pathophysiology, but will also provide insights to the region's function. The interactions between intrinsic connectivity networks is likely to be a fruitful avenue for future research, and our work in traumatic brain injury illustrates how work in patient populations informs how the PCC interacts with other brain regions (Bonnelle et al., 2012) . Work in humans will need to be combined with animal studies to obtain a definitive understanding of PCC function. The basic organization of the PCC has been preserved across primates, and lesion studies in these species may be required in combination with animal neuroimaging. This is particularly important given the reports of altered PCC function in a range of neurological and psychiatric disorders. The proposed large-scale integrative role across arousal and the balance and breadth of attention, provides an explanation why multiple types of remote or diffuse pathology accumulate as dysfunction within the PCC. However, future work is needed to unpick precisely how different patterns of pathology, both local and remote to the PCC, lead to impairment of different aspects of arousal, balance and breadth of attention. Future clinical work should be mindful of the anatomical heterogeneity within the PCC and consider whether dorsal or ventral regions or both are affected. Understanding the cause and consequences of this dysfunction is likely to be an important part of developing biomarkers for altered cognitive states and the development of novel treatments.
Summary
The PCC is highly connected and metabolically active, although there is no consensus about its function in cognition. We discuss the prevalence of PCC dysfunction across a range of psychiatric and neurological conditions. We synthesize key findings about the PCC into a novel model of the region's function (the 'Arousal, Balance and Breadth of Attention' model, ABBA). In this model the distinction between dorsal and ventral PCC can be understood by considering: (i) whether attention is focused internally or externally; (ii) the breadth of this attentional focus; and (iii) the state of arousal. The ventral PCC appears to be highly integrated within the DMN, and is involved in internally directed cognition such as memory retrieval and planning. In contrast, the dorsal PCC shows a highly complex pattern of connectivity, with prominent connections to the frontal lobes. We propose that through its interactions with the prefrontal cortex the dorsal PCC is involved in controlling attentional focus, perhaps through influencing the metastability of the brain as a whole. Hence, interactions of these PCC subregions with other intrinsic connectivity networks are then involved in shifting the balance of attention along an internal/external and broad/narrow dimension. 
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